Abstract Filamentous bacteria belonging to the genus Thiothrix were detected in activated sludge samples using the fluorescent in situ hybridisation (FISH) technique. A 16S rRNA-targeted oligonucleotide probe was developed for the detection of members of the T. fructosivorans group, and the performance of probe TNI for the detection of Thiothrix nivea group was enhanced by using an unlabeled competitor. A set of 5 probes covering all phylogenetic groups of Thiothrix were used to examine samples taken from selected activated sludge plants treating paper and board mill wastes. Members of the T. eikelboomii group formed the predominant filamentous bacterial population in plants experiencing poor sludge settleability, whereas members of the T. nivea group were commonly found but not dominantly in the remaining plants. Members of the T. fructosivorans group were not detected at any significant level in any of the samples. The distribution of the main Thiothrix types remained unchanged throughout the investigation period. It was evident that mixed populations of Thiothrix spp. were present in all activated sludge samples investigated, the observed differences were in the relative abundance of the various groups. These findings were supported by the results obtained using conventional microscopy.
Introduction
The genus Thiothrix accommodates an important group of filamentous sulphur bacteria found in activated sludge (Eikelboom and van Buijsen, 1981; Jenkins et al., 1993; . Members of this genus are often found to be the dominant filamentous groups in activated sludge, and their outgrowth may lead to poor settleability of sludge flocs, a phenomenon called bulking. Since the first description of Thiothrix by Winogradski (1888) , five species have been validly published (Skerman et al., 1980; Howarth et al., 1999) ; members of each taxon form a distinct phylogenetic group (Howarth et al., 1999; Kanagawa et al., 2000) . Oligonucleotide probes that target different groups of Thiothrix spp. 16S rRNA are available, namely 21N and TNI (Wagner et al., 1994) , and G1B, G2M, G3M and G123T (Kanagawa et al., 2000) . However, probe 21N, designed to detect members of Type 021N, has been shown to hybridise only with a limited number of strains (Nielsen et al., 1998; Pernelle et al., 1998; van der Waarde et al., 1998; Kanagawa et al., 2000) ; other probes have been effectively used for the in situ detection of different Thiothrix groups for instance probes G1B, G2M and G3M detect subgroups of Eikelboom Type 021N, and probe TNI is specific for the T. nivea group. However, probes have not been developed for species such as T. fructosivorans or "T. ramosa", representatives of these taxa form an independent phylogenetic clade within the Thiothrix 16S rDNA tree (Howarth et al., 1999; Kanagawa et al., 2000) . In the present study an oligonucleotide probe was developed for the recognition of the group that includes T. fructosivorans and "T. ramosa". Regarding the non-target binding of probe TNI to some Type 021N strains (Kanagawa et al., 2000) , different hybridisation conditions were tested for this probe in order to optimise the specific detection of the target organisms. The optimised TNI probe and existing probes were then used to detect different groups of Thiothrix spp. in four activated sludge plants designed to treat paper and board mill effluents.
Methods

Activated sludge samples
Samples were provided on a regular basis from four activated sludge plants treating paper and board mill wastes in the UK over a period of twelve months.
Microscopic examination
Filamentous bacteria present in activated sludge samples were examined using standard procedures (Eikelboom and van Buijsen, 1981; Lindrea et al., 1999) . Wet mounts were examined to determine the abundance of filamentous bacteria and floc structures. Gram-, Neisser-and polyhydroxybutyrate-(PHB) stains were used to characterise the filamentous bacteria.
Construction of phylogenetic tree
The 16S rDNA sequences of representative Thiothrix strains obtained from previous studies (Teske et al., 1996; Polz et al., 1996; Howarth et al., 1999; Kanagawa et al., 2000) were aligned using CLUSTAL X program version 1.64b (Thompson et al., 1997) , and the alignment checked manually. Phylogenetic analyses were performed using the PHYLIP 3.5c suite of programs (Felsenstein, 1993) . Evolutionary distances were generated using the model of Jukes and Cantor (1969) , and a phylogenetic tree was inferred using the neighbour-joining algorithm (Saitou and Nei, 1987) . TREEVIEW program version 1.52 (Page, 1996) was used to generate a graphic file of the tree. The resultant unrooted tree topology was evaluated by carrying out a bootstrap analysis based on 1,000 resamplings using the SEQBOOT and CONSENSE programs in the PHYLIP package.
Probe development
The oligonucleotide probe sequence for members of the T. fructosivorans group was derived by comparing the aligned 16S rDNA sequences of representative members of Thiothrix spp. and related organisms. The regions corresponding to Escherichia coli positions 652~669 were found to be specific for the target group. The probe, designated TFR, consists of 18 bases (5′-CTCCTCTCCCACACTCTA-3′); the G+C content is 55.6%, and the melting temperature 56.0°C. The probe was theoretically evaluated using BLAST (Altschul et al., 1990) and PROBE MATCH (Maidak et al., 2001) programs.
A competitor oligonucleotide sequence corresponding to the positions of TNI and TFR, designated TEI, which was derived from the sequences of members of T. eikelboomii group (5′-TCCCTCTCCCACATTCTA-3′), was tested to prevent undesired binding of TNI or TFR to non-target organisms.
Fluorescent probes
The specific DNA probes used in this study are listed in Table 1 . The fluorescent-labeled probes were purchased from MWG Biotech (Ebersberg, FRG). Stocks were diluted to 25 ng µl -1 , aliquoted in 0.5 ml tubes, and stored at -20°C.
Fluorescent in situ hybridisation
Activated sludge samples were fixed by adding an equal volume of ethanol, and stored at -20°C until use. Fixed samples were applied to the wells of adhesive-treated diagnostic slides (Rotech Scientific, Milton Keynes, UK), air-dried and dehydrated in an aqueous ethanol series (50%, 80% and 95%). Hybridisation was performed according to previously described procedures (Lindrea et al., 1999) . Different hybridisation temperatures and formamide concentrations were tested in order to check the specificity and effectiveness of probes TNI and TFR.
Results and discussion
The genus Thiothrix encompasses several morphologically and phylogenetically distinct groups (Larkin, 1989; Howarth et al., 1998 Howarth et al., , 1999 Kanagawa et al., 2000) . The physiological characteristics of various Thiothrix spp. and Eikelboom Type 021N strains have been studied either in situ or by using pure cultures Unz, 1985, 1989; Hudson et al., 1994; Kämpfer et al., 1995; Nielsen et al., 1998) . It is apparent from such studies that a range of phenotypically and phylogenetically different groups of these types exist. In addition, the phylogenetic analysis of available Thiothrix 16S rDNA sequences indicates that five groups can be recognised in the Thiothrix clade (Figure 1) . This is consistent with a previous observation (Kanagawa et al., 2000) , except that the three Type 021N groups formed a distinct cluster of their own in the present analysis. Nevertheless, it is not clear whether members of each phylogenetic group can also be distinguished using morphological and physiological characteristics. Kanagawa et al. (2000) reported that the three phylogenetic Type 021N groups could not be differentiated on the basis of morphological criteria, whereas Howarth et al. (1999) gave details of the phenotypic differences among the four described species. Figure 1 A neighbour-joining tree (Saitou and Nei, 1987) based on available 16S rDNA sequences of representative Thiothrix strains. Phylogenetic distances among the strains were calculated according to Jukes and Cantor (1969) . Numbers at the nodes indicate levels of bootstrap support; only values above 70% are given. Scale bar represents 0.01 nucleotide substitutions per position Initial direct observation studies based on conventional microscopy techniques showed that samples from all of the four activated sludge plants contained Thiothrix spp. Type 021N strains predominated in the samples collected from the two plants dealing with recycled pulp (plants B and D), whereas other Thiothrix strains were commonly present in other two virgin pulp-based ones (plants A and C). Frequent incidents of the outgrowth of these filamentous organisms were observed at plant D, and to a lesser extent at plant B. In contrast, few incidents of filamentous outgrowth were observed at the other two plants where Thiothrix spp. were not the primary filamentous group. It was also evident from the direct observation studies that morphologically different types of Thiothrix could be present, and that their distribution patterns might vary between the activated sludge plants.
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The probe TFR, designed to detect members of the T. fructosivorans group, only matched with the target organisms in the theoretical evaluation. Probe TFR has only one mismatch with probe TNI located in the fifth position from the 3'-end, but no significant cross binding of the probe to members of the T. nivea group or vice versa was observed. Instead, members of the T. eikelboomii group yielded fairly strong signals to TFR; this was remarkable since three mismatches exist between the probe and the target of the T. eikelboomii group, although all of them reside outside central regions. Different hybridisation conditions were tried to overcome the non-specific signals; the use of non-labeled TEI as a competitor at a concentration higher than 5 times that of the labeled probe almost completely blocked non-target binding, whereas different hybridisation temperatures or denaturing conditions had lesser effects. Probe TNI also yielded positive signals to members of the T. eikelboomii group in the samples collected from all four plants and examined under standard hybridisation conditions; the use of TEI again proved highly effective in reducing non-specific signals. It was evident from these results that any mismatches residing at distal regions of the probe sequences (from around 5th positions to both ends) were a little discriminative, as was shown previously (Kanagawa et al., 2000) . Probe 21N (Wagner et al., 1994) failed to detect any filamentous organisms in this study.
The distribution of members of different phylogenetic groups of Thiothrix detected by FISH is summarised in Table 2 . High numbers of filamentous bacteria were detected in all samples using the general Thiothrix probe G123T, those detected by probe TNI were also present in most samples. Filamentous bacteria detected by probe G2M were highly abundant in the samples taken from plants B and D, and common in those of plant A, but absent or present in low numbers in those of plant C. There were at most very few filamentous organisms detected by probe TFR. Filamentous groups were not detected using probes G1B and G3M in most of the samples, although very low numbers were often seen in samples from plant A using probe G1B. There were hardly any changes in the distribution of the main Thiothrix types throughout the investigation period.
From the microscopic observation and fluorescent in situ hybridisation results it was evident that members of the T. eikelboomii group were the predominant filamentous group in the activated sludge samples of plants B and D whereas members of the T. nivea group were not common in these plants. In contrast, members of the T. nivea group were common, but not those of the T. eikelboomii group, in the samples from plant C. 
, absent or present in low numbers; +, present; ++, common; +++, abundant
Results obtained using microscopic typing and FISH clearly showed that mixed populations of Thiothrix were present in all of four activated sludge plants studied. Members of the T. nivea group are known to require reduced inorganic sulfur compounds whereas T. eikelboomii and T. fructosivorans strains do not always require these compounds for growth (Howarth et al., 1999; Larkin and Shinabarger, 1983) . This implies that the proliferation of T. eikelboomii or T. fructosivorans strains cannot be explained simply by the presence of reduced sulfur compounds. Further studies are needed to determine what factors contribute to the proliferation of members of the different Thiothrix groups and to establish the physiological roles of members of these taxa in activated sludge systems. It would seem that the distribution pattern of different Thiothrix populations reflects the nature of the activated sludge, and that the population analysis of Thiothrix spp. can provide a basis for the development of measures to control the outgrowth of filamentous bacteria belonging to the genus Thiothrix.
